The development of any particular analytical or preparative applications using electrochemical techniques in microfluidic devices requires integration of microelectrodes. This involves detailed predictions for optimizing the design of devices and selecting the best hydrodynamic conditions. For 
INTRODUCTION
Electrochemistry is very adapted to perform analytical detections within microfluidic devices. [1] [2] [3] The standard photolithographic techniques have brought great contributions to miniaturizations and they have facilitated simultaneously implementation of electrodes in microdevices. It is now possible to carry out in situ electrochemical measurements in very small volumes using portable instrumentations.
Electrochemistry offers several advantages in comparison to other analytical techniques due to their kinetic character. The signal-to-noise responses of electrodes are proportional to the concentration of the electroactive materials and not to quantities as it occurs for other analytical measurements. This is an important issue when quantity may be decreased due to the use of microvolumes. Amperometric detections can be performed without labeling the species while keeping low sensibilities. Higher performances can be achieved by employing arrays of microelectrodes. Mass transport is increased and redox cycling can be established between electrodes. [4] [5] [6] [7] In parallel, many strategies can be explored according to the type of detection considered. Procedures have been defined either to eliminate interfering species prior to subsequent analytical steps, [8] [9] [10] to generate titrating species for indirect detections, [11] [12] [13] or to tag molecules for mass spectrometric analysis. 14, 15 Apart from these applications, dual electrode assemblies offer many other advantages. 16 . On the one hand, spatially resolved chemical reactions can be induced to generate in situ electrochemiluminescence 17, 18 or to produce highly instable intermediates during electrosynthesis. [19] [20] [21] On the other hand, this dual configuration allows the monitoring of flow velocities in microfluidic channels, 22-28 evaluation of diffusion coefficients, 29-31 studies of homogeneous or heterogeneous kinetics, 11, 29, 32-36 and analyses of complex media.
37, 38
From an analytical point of view, we demonstrated conceptually the benefit of using several electrodes instead of a single one to detect and analyze the composition of injected samples. 39 For a full quantitative application of the above potentialities, mass transport in microchannel must be fully and quantitatively mastered if any optimization of an electrochemical detection is required. Mass transport at dual channel electrodes has been already extensively investigated on the basis of theoretical and numerical simulations. 11, 22, 26, 29, 32, 34, 35, [40] [41] [42] [43] [44] [45] [46] However, most of these studies were devoted to the investigation of purely electrochemical problems that microfluidic environment could solve or to investigate local hydrodynamics of flow. The purpose of this work is rather to exploit steady-state electrochemical components of a dual electrode configuration to define ultimately the prerequired conditions of an optimized electrochemical detection of an analyte flowing in a microchannel.
This work is then a continuation of a first study investigating the electrochemical properties of a single microchannel electrode under laminar flow. 47 In the following, a pair of independent microelectrodes (E1 and E2) embedded in the wall of a rectangular microchannel is considered and their individual amperometric responses are discussed as a
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function of their polarization and of the device geometry or flow velocity. Two operating modes are examined according to the fact that the electrodes can be biased respectively as generator-generator (GG mode) and generator-collector (GC mode). In GG mode, both electrodes are probing the substrate in the microchannel and the advantages of this mode versus a single electrode will be discussed. In GC mode, the electrode E2 located downstream is collecting the product generated by E1. According to the gap distance separating the electrodes and the flow velocity in the microchannel, different types of interaction can take place between the electrodes performing in either mode. The related conditions leading to such situations will be extracted and examined in view of their analytical meaning and use.
For that purpose, the electrochemical responses were simulated numerically and compared to experiments performed at two microband electrodes integrated within microchannels. An aqueous solution of ferrocene methanol was continuously transferred under pressure-driven flow.
PRINCIPLE
As mentioned previously, the device consists of two parallel microband electrodes placed on the floor of a rectangular microchannel ( Figure 1A ). w 1 and w 2 are respectively the widths of the upstream E1
and downstream E2 electrodes, g the gap distance and h the microchannel height. The length of both electrodes corresponds to the microchannel width L with L being much larger than w 1 and w 2 . The formulation of problem is thus reduced to a two-dimensional system as described in Figure 1B . 48 The electrochemical reaction is supposed to be reversible:
where A is the reactant and B the product. n being positive (reduction) or negative (oxidation) features the number of electron exchanged during the electrochemical reaction. Diffusion coefficients of the two electroactive species are supposed identical and equal to D as it occurs in most applications in classical liquids. Mass transport is the rate determining step and is governed inside the microchannel by diffusion and convection: ( )
Because of mass conservation only one species (A or B) needs to be examined. Diffusion occurs along the x and y-axis whereas convection operates exclusively parallel to the x-axis. u x (y) is the flow velocity supposed to be parabolic across the microchannel section:
u av is the average flow velocity with u av = 2u max / 3 where u max is the maximum flow velocity at y = h / 2. To offer a large generality to the resolution of the problem, dimensionless parameters were 
With these dimensionless notations, eqs (2) and (3) become respectively: ( )
and
Eq (5) is solved numerically by finite differences when steady-state conditions prevail (i.e., when 0
    C
). This is performed in association with the following boundary conditions: Then the dimensionless currents  flowing at each electrode were calculated such as:
E2 (GG mode) :
E2 (GC mode) :
 g1 (or i g1 ) is the current of electrode E1 operating as generator.  g2 and  c2 (or i g2 and i c2 ) are the currents of electrode E2 operating as a generator or collector depending on the mode of operation (GG or GC mode) of the assembly. F is the Faraday.
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EXPERIMENTAL SECTION
The fabrication of the devices was performed as already reported. 25, 47 They consisted of two separate parts assembled ultimately together. The top one, made in polydimethylsiloxane (PDMS), comprises a series of independent channels with their reservoir elements. The channel floor was a glass substrate on which platinum or gold microband electrodes were patterned. As the linear microchannels were placed perpendicularly to the microbands, the effective microband lengths were delimited by the microchannels width (L ~ 500 µm) and the volume of solution flowing above the microband was restricted by the microchannel heigth (h ~ 18 µm). All the characteristic dimensions (w 1 , w 2 , g, h, L) were checked optically before use.
During one experiment, only one microchannel was filled with solution, the others remaining empty.
The liquid flow in the microchannel was pressure driven using either a syringe pump (Harvard Apparatus, type 11 Pico Plus) or a controlled gas flux (argon) over the input reservoir of solution. The values of average flow velocities inside the microchannel were systematically monitored in situ by direct measurements following a procedure previously described. 25, 28 This allowed to vary precisely Peclet numbers between 10 and 400.
All electrochemical experiments were performed at room temperature using a home made multipotentiostat adapted from an original design. 49 The counter-electrode (CE) consisted of one large Amperometric responses were monitored after sufficiently long time durations to ensure that the steady-state limiting currents were always reached. The diffusion coefficient of ferrocene methanol was measured independently and was equal to D = (7.6 ± 0.4) 10 -6 cm 2 s -1 .
Numerical simulations were performed using FEMLAB software (Comsol) controlled by a MATLAB interface (Mathworks).
RESULTS AND DISCUSSION
Influence of the geometrical and hydrodynamic parameters. According to the device geometry This method allows two types of interactions to be characterized when sufficiently high flow velocities are applied. In the following, they are defined respectively as sequential ( Figure 2A ) and coupling ( Figure 2B ) regimes. These two situations arise for specific geometries (W 1 , W 2 , G) and flow velocities (Pe) as it will be disclosed below. Note that in both cases, E 1 is not influenced by E2 so that it operates like a single electrode in a microchannel.
47
A third situation illustrated in Figure 2C occurs at a relatively low flow velocity whatever the GG and GC modes. It corresponds to conditions such as diffusion prevails sufficiently over convection to proceed backward against the flow. As a consequence, concentration gradients generated by E2
interpenetrate with those of E1 leading to stronger interactions between electrodes. This situation is defined as the cross-talk regime. 50, 51 In contrast to the two previous ones (Figures 2AB), E1 currents are now influenced by the activity of E2.
These three regimes and their transitions will be established quantitatively in the following.
Sequential regimes. As mentioned above, under such situation, E1 and E2 perform within a flow of homogeneous compositions so that their current responses are characteristic of electrodes operating alone in microchannels (i.e., single electrodes). The homogeneous concentration C h reached locally in between the electrodes is imposed by the performance of E1 and current at E2 is proportional to that at E1 times C h (GG mode) or 1-C h (GC mode). For example, when both electrodes have the same width, whatever the hydrodynamic flow regime, one has:
and:
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Combination of eqs (10) and (11) gives a simple relation between  g2 /  g1 and  c2 /  g1 :
On the other hand, we established before that:
where C h is a function of W/Pe. Hence, when
depend only on this parameter W/Pe as shown in Figure 3 . In this figure, zones I, II and III describe the different hydrodynamic regimes taking place at the electrodes as a function of (W,Pe) parameters.
47
Zone III corresponds to Levich regime, i.e., when convection prevails over diffusion. Zone I is the thin-layer regime when the converse occurs and zone II represents the transition between the two others.
C h can be then evaluated experimentally from E 1 and E 2 responses, either from  g1 (eq (13)),  g2 /  g1 (eq (10)), or  c2 /  g1 (eq (11)). Eq (13) was already checked experimentally in the case of single electrodes. 47 In the following, we thus focus on the use of eq (10). The current ratio  g2 /  g1 was evaluated at a pair of microband electrodes of identical widths (W 1 = W 2 = W) separated by a large gap. As illustrated by the data in Figure 3 , a very good agreement was observed between experiments and theoretical predictions whatever the hydrodynamic regime imposed.
Note that analytical expressions of  g2 /  g1 and  c2 /  g1 can be established under Levich regime (zone III) in case of unequal electrode dimensions (see Appendix).
According to the device geometry and flow velocity, deviations from the variations of  g2 /  g1 or Cross-talk regime. As described previously in full details, 47 diffusion may operate against the flow only when WPe < 15. Extended diffusion-convection layers may then develop laterally and vertically at the upstream edge of an electrode. In a two electrode configuration, a situation may thus happen when the two such large diffusion-convection layers overlap sufficiently for the operation at E2 to be fed back to E1 by diffusion ( Figure 2C ). In GC mode,  g1 increases due to the positive feedback of species between the electrodes ( Figure 5B ). In contrast,  g1 in GG mode decreases (negative feedback)
due to the depletion of species due to the activity of E2 in the vicinity of E1 ( Figure 5A ). Because they critically depend on the ability of diffusion to creep back against the flows, these effects may occur only for small gap distances and low flow velocities. Accordingly, conditions for which cross-talk is observed are identical in both operating modes whenever the diffusion coefficients of the species (reactant A and product B) are similar. Variation of  g1 are particularly apparent in GC mode because the recycling of species taking place between electrodes ( Figure 2C ) gives rise to a characteristic current increase when E2 operates. A detailed analysis in this mode shows that amplification of  g1 occurs when GPe < 2, whatever the electrode widths W 1 and W 2 ( Figure 5C ). Indeed, the product GPe compares the time needed by species to diffuse back over the gap (i.e., g 2 /D) to the average time needed by the solution to flow over the same gap (i.e., g / u av ). No significant cross-talk may occur when GPe is large. Numerical analysis establishes that GPe = 2 is the upper limit required for a species to diffuse against the flow and reach E1. As cross-talk then takes place mostly between the closest edges of the two electrodes so that W 1 Zone diagram. Since the systems delineated above and their transitions involve many different parameters, they are not easily presented in a general situation. A convenient way to summarize them is by using a zone diagram. Such a diagram can be established on the basis of our above analyses.
Indeed, provided that the gap is sufficiently large compared to that the electrode widths, the couple of G and Pe values determines all the operating conditions for which sequential, coupling and cross-talk regimes between electrodes may occur. In a (G,Pe) diagram, transitions evaluated above on current responses thus delimit three zones corresponding to each limiting case ( Figure 6A ). These results show generally that (i) sequential regime (zone Sq) occurs at high G provided that Pe is not too large;
(ii) coupling (zone Cp) is set at high Pe provided that G is not too large and (iii) cross-talk (zone CT) is restricted to a range where G and Pe are low. However, a transition which has not been considered 
This equation remains valid both in sequential and coupling regimes, i.e., provided that diffusion does not proceed against the flow (W 1 Pe > 15 and W 2 Pe > 15) 47 and is characteristic of parabolic flows prevailing in microchannels. However, a dual assembly shows that the overall current densities at the electrodes are enhanced as shown in Figure 7B by ( g1 + g2 ) /  > 1. Therefore, one can deduce immediately that, thanks to the existence of the sequential regime, a dual assembly operated in GG mode gives rise to two main analytical advantages versus. a single electrode of identical length. Indeed on the one hand, the signal-to-noise ratio increases since the current densities achieved in this case are higher, in particular when the ratio (W 1 +W 2 )/Pe is lower than unity ( Figure 7D ). On the other hand, because ( g1 + g2 ) > , eq (14) and Figure 7C establish that (H 1 +H 2 ) > H as evidenced in Figure 7D .
In other words, dual electrodes detectors "see" more deeply into solutions than detectors based on a single electrode of same surface area. The zone of sequential regime of the diagram in Figure 6 thus defines the optimal conditions in terms of (G,Pe) coordinates when the highest analytical efficiencies are achieved. In this context, one clearly foresees the analytical improvements given upon increasing the number of electrodes for optimizing amperometric detections within microchannels under steady state regime.
39
CONCLUSION
This theoretical study based on numerical analyses allowed a complete quantitative evaluation of steady-state currents at dual microband electrodes embedded within a linear microchannel in which an analyte is transported by a parabolic flow. Generator-generator and generator-collector operating modes were investigated allowing a detailed analysis of the current responses of the two electrodes.
This allows identifying several types of interactions between electrodes according to the geometrical parameters of the devices and flow velocities considered. A very good agreement between simulations and experimental data was obtained over a wide range of operating conditions which validates a posteriori the experimental significance of all the predictions established in this work. When the gap distance is larger that the electrode widths, a zone diagram could be constructed to delineate the conditions where each type of interaction prevails. This diagram constitutes an important tool for optimizing specific electrochemical applications within microchannels taking advantage of dual microband electrodes assemblies. These results show already that the sequential regime provides the higher analytical efficiencies than single electrodes. In this context, the improvement given by using arrays of microelectrodes will be discussed in a further work.
APPENDIX
In sequential regime and under hydrodynamic conditions corresponding to Levich regime, currents  g1
and  g2 , are equal to:
where C h is the homogeneous concentration given by eq.(13).
 c2 is obtained from application of flux conservation:
where  is the current at a single electrode of width W 2 such as:
Combination of eqs (A1), (A2), (A3), (A4) and (13) thus gives:
Finally, one obtains in GG mode:
and in GC mode:
Furthermore, combination of eqs (A1),(A3), (A4) affords:
When W =W 1 = W 2 , eqs (A6) and (A8) are equivalent to eqs (10) and (12). 
